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ABSTRACT
Effects of Estradiol and Progesterone
on Food Intake,
Body Weight, and Carcass Adiposity in
Weanling Rats
(September, 1981)

Susan M. Schwartz, B.S., Simmons College
M.S., Bucknell University, Ph.D., University
of Massachusetts

Directed by:

Professor George N. Wade

The effects of estradiol and progesterone on
food intake, body

weight, carcass adiposity, and adipose tissue lipoprotein
lipase (LPL)

activity were investigated in weanling rats.

Treatment with

estradiol benzoate (EB) reduced body weight gain in ovariectomized
(OVX) weanlings as it does in adults.

However, other responses to EB

were atteruated or absent in prepubertal females.

EB treatment did

not reduce food intake, carcass adiposity, or adipose tissue LPL activity.

This impaired responsiveness to EB may be due to decreased

levels of cytoplasmic estrogen receptors in liver and adipose tissue
(b ut

not hypothalamus) in weanlings.
On the other hand, responsiveness to progesterone was adult-like

in weanlings.

Treatment of OVX, EB-primed prepubertal females with

progesterone increased food intake, body weight gain, and carcass adiposity.

This adult-like responsiveness to progesterone was associated

with adult-like levels of adipose tissue progestin receptors.

How-

ever, progesterone treatment did not increase adipose tissue LPL

activity in weanlings, indicating that changes in LPL activity are

not necessary for progesterone-induced obesity.

These results confirm and extend previous findings
of ovarian

hormone effects on food intake and body weight regulation
in prepubertal female rats.

Furthermore, they suggest possible mechanisms

by which estradiol and progesterone exert their effects.
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CHAPTER

I

GENERAL INTRODUCTION

Gonadal steroids have Important effects on body
weight, particularly body fat levels, in a number of mammalian
species (Wade,
1976).

In female rats, body weight and adiposity (amount
of body

mass devoted to fat stores) fluctuate dramatically in response
to

changes in reproductive status.

These observed changes are due

primarily to changes in circulating levels of estradiol, although

progesterone has secondary modulating influences (Wade, 1975; 1976).
For example, during the estrous cycle when estrogen levels are high

(proestrus), body weight is reduced (Brobeck, Wheatland and Strominger,
1947; ter Haar, 1972), whereas at diestrus, when estrogen levels are

reduced, body weight is increased (ter Haar, 1972).

Ovarian hormone manipulations in female rats

These changes can be mimicked by experimentally altering hormone
levels.

In adult female rats, ovariectomy (OVX) increases body weight,

an effect which can be reversed by estradiol treatment (Mueller and

Hsaio, 1980; 1981; Wade, 1975).

Treatment of OVX rats with proges-

terone alone has no effect on body weight, but given concurrently with

estradiol or to intact rats, progesterone increases body weight
(Galletti and Klopper, 1967; Hervey and Hervey, 1976; Wade, 1975; Gray

and Wade, 1981).

Although several carcass components are altered by

manipulations of ovarian hormones, the greatest change is observed in
1

2

total carcass fat content (Galletti and
Klopper, 1967; Gray and Wade,
1981; Hervey and Hervey,

1976; Leshner and Collier, 1973).

OVX may

double carcass fat content; estradiol treatment
reverses the effect
of gonadectomy on adiposity.

Progesterone treatment to OVX,

estradlol-treated animals reverses the estrogen-induced
effect,
leading to an increase in the total fat content.

Steroid-induced changes in body weight and adiposity usually
are
accompanied by fluctuations in food intake (Wade, 1976).

OVX results

in a transient hyperphagia which is reversed by estradiol
treatment

(Tarttelin and Gorski, 1973; Zucker, 1969).

Progesterone alone has no

effect on food intake (Hervey and Hervey, 1966; 1967), but when administered concurrently with estradiol to OVX females, it increases

feeding (Gray and Wade, 1981; Hervey and Hervey, 1967; Wade, 1975;
Zucker, 1969).

One might note that ovarian hormones also affect loco-

motor activity in a predictable manner.

Running-wheel activity is

permanently suppressed in OVX females (Wang, 1923).

Estradiol treat-

ment increases locomotor activity (Mook, Kenney, Roberts, Nussbaum,
and Rodier, 1972), and progesterone inhibits this effect (Roberts,

Kenney and Mook, 1972)

Central versus peripheral control mechanisms

Until recently, it was assumed that ovarian hormones acted
directly on the brain to alter food intake which, in turn, resulted
in the changes in body weight (e.g.. Wade, 1976).

The hypothalamus

is an important site of gonadal hormone action (e.g., Wade and Gray,

3

1979).

Steroid binding sites for both estrogens (Eisenfeld,

1970;

Eisenfeld and Axelrod, 1965) and progestins (Maclusky
and McEwen,
1978) have been demonstrated in this area.

Intracerebral implants of

estradiol placed in the ventromedial hypothalamus (VMH)
decrease food
intake and body weight in OVX rats (Janowiak and Stem,
1974; Nunez,

Gray and Wade, 1980; Wade and Zucker, 1970a).

Nonetheless, while

estradiol may act on the VMH to depress eating, ovariectomy increases,
and estradiol treatment decreases, food intake and body weight in rats

with large VMH lesions (Beatty, O'Brient, and Vilberg, 1975; King and
Cox, 1973).

Under some circumstances, body weight and composition changes that
are observed following ovarian steroid treatment are not accompanied

by changes in food intake (Wade and Gray, 1979):

Treatment of intact

female rats with progesterone may result in increased body weights

even when progesterone-induced hyperphagia is prevented (Hervey and
Hervey, 1968).

Second, it has been reported that OVX rats must be

restricted to 80% of their presurgical

ad^

lib food comsumption in

order to prevent the increases in body weight gain (Roy and Wade,
1977).

Therefore, hyperphagia is not necessary for either progester-

one- or ovariectomy -induced weight gains.
Roy and Wade (1977) also have shown that the hypophagia observed

following estradiol treatment is not sufficient to produce the nor-

mally observed, estrogen-induced reductions in body weight.

work

I

In my own

have observed that females maintained in constant bright light

show a decrease in body weights and adiposity in response to estradiol
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treatment without a concurrent decrease in food
intake (Schwartz,

unpublished results).

These findings indicate that under certain
conditions, changes
in regulatory behaviors following ovarian steroid
treatment may not

be of critical importance for the observed changes in
body weight
and adiposity (Wade and Gray, 1979).

Rather, ovarian hormones may

act directly on peripheral metabolic tissues, such as adipose
tissue
and liver,

in determining body weight and composition.

Changes in-

duced by hormonal actions on metabolic processes also may be important in modulating feeding, because food intake is sensitive to changes
in the availability of metabolic fuels (Friedman and Strieker, 1976).

Peripheral sites of hormone action

Since adiposity is greatly affected by manipulations of gonadal

hormones, it is conceivable that adipose tissue might serve as a

peripheral metabolic site of gonadal hormone action.

According to the

current model of steroid hormone action (Gorski and Gannon, 1976;
Gorski, 1980; O'Malley and Means, 1974; Yamamoto and Alberts, 1976),

hormones are carried in the blood to various tissues where they
passively diffuse into all cells.

In target cells, a hormone-specific

receptor protein is found initially in the cytoplasm of the cell.

Upon

interacting with the steroid, the steroid-receptor complex becomes
"activated."

The activated complex moves into the nucleus where it

associates with the chromatin, either the DNA or chromosomal proteins,
or both.

These nuclear-receptor complexes alter the rate of synthesis
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of various RNA species.

The RNA molecules, in turn,
control the

synthesis of the proteins which mediate
the tissues' physiological
responses.

Ihus, in order for a tissue to be
considered as a target

tissue, it should contain (a) specific,
high affinity binding sites
for the hormone;

(b)

nuclear accumulation of the hormone-receptor
com-

plex, and (c) hormone-induced changes in
RNA and protein synthesis.

Rat adipose tissues contain high-affinity,
specific cytoplasmic

binding sites for 17B-estradiol (Wade and Gray,
1978).

Although

binding is seen in all fat pads examined, receptor
concentrations are
highest in parametrial (gonadal) fat pads.

An accumulation of labelled

hormone in the nuclei of adipose tissue cells following an
injection
3

of 173-E H]estradiol also has been demonstrated (Gray,
Dudley and Wade,

1981)

.

Although hormone-induced changes in RNA synthesis have not yet

been demonstrated, at least one protein is modulated by estradiol,
namely progestin receptor (Gray and Wade, 1979).

In OVX rats, treat-

ment with estradiol benzoate (EB) has been shown to induce cytoplasmic

progestin receptors in all fat pads examined (Gray and Wade, 1979).
In addition to adipose tissue, rat liver contains cytoplasmic

estrogen receptors (Eisenfeld and Aten, 1979).

Translocation from

the cytoplasm to the nucleus has been demonstrated following both in

vivo estradiol treatment (Aten, Weinberger and Eisenfeld, 1978) and
under in vitro exchange assay conditions (Eisenfeld, 1980).

Gonadal

hormone treatment has been shown to alter hepatic RNA and protein synthesis (Kurtz, Sippel and Feigelson, 1976; Roy, McMinn and Biswas,
1975).

Thus, these data support the hypothesis that both adipose

6

tissue and liver are most likely ovarian
hormone target tissues.

How might changes in peripheral metabolism
in response to ovarian
hormones contribute to changes in behavior and
body weight regulati 9
Both estradiol and progesterone have significant
effects on the pro-

duction and storage of lipids by liver and adipose
tissues, respectively.

Both steroids modulate adipose tissue lipoprotein
lipase

(LPL) activity, an enzyme which is essential for
adipocyte triglyceride

uptake (Robinson, 1970).

One way ovarian hormones may exert their

effects is via changes in this enzyme (Wade and Gray, 1979):

OVX

increases adipose tissue LPL activity whereas estradiol treatment
reduces enzyme activity by 75-80% in OVX rats (Gray and Wade, 1980;

Hamosh and Hamosh, 1975).

Progesterone alone has no effect on adipose

tissue LPL activity in OVX rats, but in the presence of estradiol
(e.g. , estrogen- treated OVX rats or gonadally intact rats), proges-

terone treatment significantly increases adipose LPL activity (Gray
and Wade, 1980; Gray and Wade, 1981; Hamosh and Hamosh, 1975; Kim

and Kalkhoff, 1978; Steingrimsdottir , Brasel and Greenwood, 1980).

Ovarian hormones also may act on the liver directly to increase

hepatic lipoprotein synthesis (Watkins, Fizette and Heimberg, 1972),
including certain apolipop rote ins which serve as cofactors for LPL
(Kim and Kalkhoff, 1978).

Food Intake might also be modulated by ovarian homone-induced

changes in circulating metabolic fuels.

It has been suggested that

estradiol may decrease food intake by increasing the availability of
triglycerides through increased hepatic production and reduced LPL
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activity (Wade and Gray, 1979).

Although it has since been shown

that neither hyperlipemia nor impaired removal
of triglyceride can

account for the EB-induced hypophagia (Ramirez,
1980), other hormoneinduced shifts in metabolic fuels may still influence
the changes

observed in feeding.

Ovarian hormone effects in prepubertal female ra ts

The prepubertal female rat is an ideal natural system in which
to

investigate direct metabolic effects of ovarian hormones.

In general,

gonadal hormones have been shown to induce adult-like effects on body
weight.

Estradiol depresses body weight gains in OVX weanlings (Wade,

1974; Zucker, 1972), and progesterone treatment increases body weight

in intact young females (Ross and Zucker, 1974).

These effects, how-

ever, are relatively modest as compared to the effects observed in

adults (Wade, 1976).

One factor contributing to this attenuated res-

ponse is that hormone-induced changes in body weight occur without
changes in food intake.

Injecting OVX weanlings with adult doses of

EB does not suppress eating until approximately 40 days of age (Wade,
1974).

This is about the same time that endogenous estradiol first

influences eating in intact females (Wade and Zucker, 1979b).
ly,

Similar-

progesterone injections do not stimulate food intake in intact

weanlings until puberty (Ross and Zucker, 1974).
These findings suggest that in developing female rats, hormoneinduced changes in metabolic processes may be more important than
changes in ingestive behaviors in determining body weight regulation.
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One goal of the research was to examine more
closely the development

of gonadal hormone effects on body weight and
food intake in pre-

pubertal female rats.

The effects of hormone manipulations on
car-

cass composition, especially body fat content,
also were examined.

Explanations concerning the development of regulatory
responsiveness to ovarian hormones have focused primarily on neural
control

mechanisms.

One hypothesis is based on the lipostatic model of

feeding (Kennedy, 1953; 1967; 1969).

According to this model, in adult

rats the VMH monitors fat content and adjusts feeding behavior so that

body fat levels are maintained within a restricted range.

Kennedy

(1967; 1969) has proposed that in weanling animals lipostatic regu-

lation by the VMH is fully mature.
pituitary growth hormone (GH)

,

However, due to the actions of

the amount of fat in these rats is too

low to trigger the lipostat (Kennedy, 1969).

Consequently, since

estradiol alters eating by this lipostatic mechanism, its effects are
absent in immature females (Wade, 1976).
There are several weaknesses in this explanation.

First, the lip-

ostatic model itself has been disputed on several grounds (Friedman
and Strieker, 1976; Nance, 1980).

For example, Friedman and Strieker

(1976) point out that body fat stores probably influence feeding only

indirectly by altering the immediate supply of utilizable metabolites
that result from changes in lipogenesis and lipolysis.

Second, a case

has already been made for the fact that estrogen may alter food intake

independent of the VMH.

Finally, although GH probably does play an

important role in ovarian-hormone effects of prepubertal rats, the

9

mechanism

which Kennedy suggests is unlikely given that the VMH is

functional for certain aspects of feeding behavior (Nance, 1980).

Rather than neural target sites, GH may alter metabolic processes
in peripheral gonadal steroid target tissues, thereby changing the

availability of utllizable metabolic fuels important in the regulation
of feeding.

Given the above considerations, rather than focus on neural control mechanisms, it seemed more useful to examine peripheral metabolic

mechanisms by which ovarian steroids might affect food intake and body
weight.

By studying adipose tissue I hoped to determine whether

mechanisms by which gonadal hormones influence adult regulatory
patterns could account for the effects observed in the developing rat.
To this end,

I

examined both estrogen and progestin receptor binding

systems and LPL activity in adipose tissue of prepubertal female rats.

CHAPTER

II

EFFECTS OF ESTRADIOL AND PROGESTERONE
ON
FOOD INTAKE, BODY WEIGHT AND CARCASS
COMPOSITION
The effects of gonadal hormones on body
weight are less clear
cut in the prepubertal as opposed to the adult
female.

While several

early studies found estrogens to be effective in
reducing body weights
of immature female rats

(Grunt, 196 A; Ramirez and Sawyer, 1965; Smith,

1961; Smith and Davidson, 1968), later findings suggested that
fluc-

tuations in gonadal steroid levels had no influence on body
weight
(Ber,

1972; Wade and Zucker, 1970b).

A reevaluation of these latter

studies, in addition to several more recent studies (Dubec, 1974; Ross

and Zucker, 1974; Ross and Tarttelin, 1978), support the earlier
findings that gonadal hormones may affect body weight prior to puberty.

Factors such as dosage of hormone administered, statistical methods
employed (e.g., Ross and Tarttelin, 1978), and lack of proper control
groups may contribute to the conflicting results.

Similarly, although

Rothchild (1967) and Galletti and Klopper (1964) found progesterone
to have no effect on body weight,

in a more recent study (Ross and

Zucker, 1974), progesterone treatment effectively increased body

weights of prepubertal females.
In contrast, it is fairly-well established that ovarian hormones

given prepubertally do not alter eating (Mueller and Hsiao, 1980;

Ross

and Zucker, 1974; Sieck, Nance, Ramaley, Tayler and Gorski, 1977; Wade,
1974; Wade and Zucker, 1970b; Zucker, 1972).

10

Thus, in OVX prepubertal

11

females, estrogen-induced decreases in body weight are not accom-

panied by decreases in eating.

Similarly, weight gains of intact

immature females treated with progesterone occur independently of increased food consumption. These findings strongly suggest that ovarian

hormones act directly on metabolic processes involved in body weight
regulation.

The period prior to puberty is characterized as a time of rapid
somatic and skeletal growth (Kennedy, 1969; Mueller and Hsaio, 1980;
Ross and Tarttelin, 1978; Slob, 1972; Widdowson and McCance, 1960):

After weaning, rats eat more (in proportion to their body weights),
gain weight faster, and increase body length more rapidly than sexually

mature animals.

Nonetheless, these animals are not obese relative to

older animals (Mueller and Hsiao, 1980).

Since growth hormone, which

shows high levels at this time (Eden, Albertsson-Wikland, and Isaksson,
1978; Dickerman, Dickerman and Meites, 1972; Ojeda and Jameson, 1977),

stimulates rapid growth of lean body mass and inhibits lipogenesis
(Daughaday, 1979), one would expect little accummulation of body fat
in prepubertal females.

Based on these data, one might hypothesize that

changes in body weight following estrogen treatment might not specif-

ically affect adiposity since fat content is already low.

Rather, a

changes
decrease in body weight might be a function of estrogen-induced

carcass components.
on overall growth which would be reflected in all
in
Hormone-induced body weight effects also reflect changes

skeletal growth.

increase
In adult rats, ovariectomy induces both an

in body weight gain and skeletal growth.

Estrogen treatment prevents
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weight gain and change in skeletal growth (Mueller and Hsiao,
1980;
1981)

Since the period prior to puberty is a critical time for

.

skeletal growth, immature animals might be especially prone to
estrogen's effect.
The purpose of this study was twofold:

One goal was to rep-

licate and extend the basic findings on the effects of ovarian hor-

mones on food intake and body weight in prepubertal female rats.

The

second goal was designed to investigate whether ovarian hormones
affect carcass composition and/or skeletal growth in a manner similar
to

that observed in adult rats.

Method

Animals

.

Female CD strain rats (Charles River Breeding Laboratories),

21 days of age at the start of the experiment, were individually housed

in hanging cages and maintained on a 12h light ;12h dark cycle.

Ani-

mals were OVX on Day 22 via bilateral, dorsolateral incisions under

methoxyflurane anesthesia (Metof ane)

.

Purina rodent chow pellets and

tap water were available at all times throughout the experiment.

Food intake, body weight and carcass composition

Starting at 25 days

.

of age, food intake and body weight were monitored in 45 OVX females.

Food intake, corrected for spillage, was measured daily to the nearest
0.1,

and body weight was measured to the nearest gram every other day.

At 27 days of age, animals were divided into

for mean body weight and food intake.

3

groups (n = 15), matched

Rats received daily subcutaneous

injections (0.05ml) of either sesame oil vehicle,

2

yg EB, or

2

yg EB
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plus

5

mg progesterone.

After one week of hormone treatment,
one-half of the animals
from each group were given an overdose
of
sodium pentobarbital

(Nembutal).

The remaining animals were
sacrificed after

hormone treatment.

2

weeks of

Carcass composition was analyzed
on all animals

by a modification of the method of Leshner,
Litwin and Squibb (1972).
Rats were shaved, eviscerated, weighed,
and then dried to a constant

weight at 75-85°C.

Il.e

dehydrated carcasses were finely ground
in a

Waring blender, and a homogeneous sample
(approximately 0.5g) was
used for subsequent analysis.

Lipid was extracted with

2

X 10 ml

petroleum ether, and protein was dissolved in 20 ml
0.3 N KOH.
and fat content were calculated by weight differences.

Water

Protein con-

tent was determined by the method of Lowry, Roseb
rough, Farr and

Randall (1951).

Naso-anal lengths were measured at 22, 34, and 41 days of age.
Animals were lightly anesthetized with Nembutal and were laid out flat

on their dorsal side.

Outside calipers were used for the naso-anal

measurements
Differences among groups were evaluated using a one-way analysis
of variance unless otherwise noted.

Newman-Keuls tests were used for

post-hoc comparisons of means and were considered statistically significant if P

<

.05.

Results

Food Intake.

During the two weeks of hormone treatment, EB had no

14

effect on food intake, but concurrent injections of
progesterone increased intake (Fig.
P <

(hormone treatment effect:

1)

.05 and F^^^g = 8.35, P <

respectively).

F

2,18

= ^•'^^y
ft-^

.01, for Days 29-35 and Days 36-42,

Since there were no differences in food intake be-

tween animals sacrificed at 35 or 42 days of age, data from only the

latter are shown.

Body weight

As in adults, EB treatment suppressed body weight gain

.

and concurrent progesterone injections prevented this weight loss
(^2

-j^g

= 8.08,

P^

<

Comparable body weight results were obtained

.01).

for animals sacrificed at 35 days of age.

On days 35 and 42, EB-

treated animals again weighed less than the other two groups, and at
42 days of age, progesterone-treated animals weighed less than the

oil-treated controls (F_
Z
P^

<

.01,

,

Zl

= 8.47, P <

.01 and F.

Z , io

= 21.16,

for days 35 and 42, respectively).

Bo dy leng ths

.

As predicted, by 42 days of age, naso-anal lengths of

EB-treated animals were shorter than oil-treated (^^2 ~ 2«16,
one-tail) or EB-plus-progesterone-treated
tail) animals

(Table 1).

(t^-j^2

~ 1'94,

P^

<

P^

.05,

<

.05,

one-
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OIL

DAYS 29-35

Fig. 1.

DAYS 36-42

Food intake of OVX weanling rats treated with sesame
oil vehicle, EB (2 yg/day), or EB plus progesterone (5 mg/day).
a,
P < .05 versus oil-treated group; b ,
< .05 versus EB-treated
group; Newinan-Keuls post hoc tests (mean ± SEM)

16

28

30

32

34

AGE

36

38

40

42

(days)

Body weight gain of OVX weanling rats treated with
Fig. 2.
sesame oil vehicle, EB (2 yg/day), or EB plus progesterone (5 mg/day)
(mean ± SEM)
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TABLE 1

THE EFFECT OF ESTROGEN OR PROGESTERONE ADMINISTRATION
ON NASO-ANAL LENGTHS IN OVX RATS

NASO-ANAL LENGTHS (cm)

GROUP
DAYS OF AGE

OVX: OIL

OVX:EB

OVXrEB + PROG

22

12.0 ± 0.1

12.1 ± 0.1

12.1 ± 0.1

15.3 ± 0.2

15.5 ± 0.1

15.6 ± 0.2

17.7 ± 0.2

17.0 ± 0.2

17.6 ± 0.1

(n = 15)

34
(n = 8)

41
~(n

= 7)

*

P < .05 versus EB
All data are presented as mean ± S.E.M.

Lee Index

.

Body weight and naso-anal length can be used to compute a

Lee Index, a measure which estimates the proportion of carcass fat to

lean tissue (Bernardis and Patterson, 1968).
index is:

\3/

body weight in grams

/

The formula for the

(naso-anal length in mm) X 10

.

The higher the Lee Index, the greater the proportion of carcass fat.

Since data for naso-anal length and body weight were available, Lee
Indices for the animals were calculated which are shown in Table

2.

At 35 days of age, there was significant hormone treatment effect
(F

2,21

= 6.64, P <

.01)

.

EB- treated animals showed a smaller Lee

Index as compared with oil-treated animals

(P <

.05).

By 45 days of
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age, there were no differences among the groups although
EB-treated

animals still had lower Lee indices.

TABLE

2

THE EFFECT OF ESTROGEN OR PROGESTERCNE ADMINISTRATION
ON LEE INDICES IN OVX RATS

LEE INDICES
DAYS OF AGE

GROUP
OVX: OIL

22

OVX:EB

OVX:EB + PROG

320.6 ± 2.5

319.7 ± 2.1

320.8 ± 1.5

316.3 ± 2.3

304.6

3.0

309.7 ± 2.0

312.3 ± 2.1

306.7 ± 3.4

310.3 ± 1.7

(n = 15)

35

±

(n = 8)

A2
(n = 7)

P <

.05 versus EB

All data are presented as mean ± S.E.M.

Carcass composition

.

In 35 day old animals, progesterone- treated ani-

mals had less water than oil-treated animals and more fat than EB-

treated animals (F^

4.94, P <

.05 and F^

lipid and water, respectively) (Fig. 3).

= 4.28, P <

.01 for

Treatment with estradiol had

no effect on either wet carcass weight or on the percentage of any

carcass component relative to the oil group.

In terms of the absolute

weight of the carcass components, progesterone treatment increased the
number of grams of body lipid

iJ^^.ll

"

{'^able 3).
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TABLE

3

THE EFFECT OF ESTROGEN OR PROGESTERONE
ADMINISTRATION
ON CARCASS COMPOSITION IN 35 DAY OLD
OVX RATS
CARCASS ANALYSIS
TOTAL WET WEIGHT (^ )

GROUP

WATER

FAT

PROTEIN

OVXiOIL

66.1 ± 0.9

5.1 ± 0.4

ICQ

OVX:EB

61.6 ± 1.3

4.2 ± 0.4

10.2 ± 0.3

OVX:EB + PROG

65.0 ± 1.9

6.1 ± 0.6*

11.0 ± 0.4

± 0.6

*

P <

.05 versus OVX:EB group.

All data are presented as mean ± S.E.M.

In 45 day old animals, wet carcass weight (F
^

}

Xo

= 10.30,

P^

<

.01)

as well as the percentages of lipid and water showed significant

changes following hormone manipulations (F^2 18 ^

P^

<

= 4.53, P <

.05 and

.01 for percent lipid and water respectively).

EB

treatment significantly decreased total carcass weight, but it had no
effect on the percentage of fat or protein in the carcasses.

In con-

trast, progesterone administration, reversed the EB-induced change in

total weight and significantly increased percent carcass fat.

Treat-

ment with EB alone or EB plus progesterone caused a small but sig-

nificant decrease in percent water (Fig. 4).
Differences among the groups were observed in absolute weights of
all the carcass components (F^
P
—

<

.05 and F_

Z , io

= 5.01, P <

= 12.00,

P^

<

.01, F^

= 5.52,

.05 for water, fat and protein, res-
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pectlvely).

EB-treated animals had significantly
less water and

protein than oil-treated animals and less fat
than EB-plus-progesterone-treated rats.

Progesterone treatment caused a significant

decrease in water as compared with oil-treated
animals (Table 4).

TABLE

4

THE EFFECT OF ESTROGEN OR PROGESTERONE ADMINISTRATION
ON CARCASS COMPOSITION IN 42 DAY OLD OVX RATS

CARCASS ANALYSIS
TOTAL WET WEIGHT (g)

GROUP

WATER

FAT

OVXrOIL

95.2

OVX:EB

77.1 ± 2.4

±

3.4

10.3

PROTEIN
0.4

25.3 ± 1.0

8.9 ± 0.6

19.6 ± 1.7

11.5 ± 0.7

22.0 ± 1.0

±

*

OVX:EB + PROG

86.5 ± 1.9

*

P <

.05 versus EB

P <

.05 versus OIL

All data are presented as mean ± S.E.M.

There has been some question concerning the validity of the Lee
index as

a measure of obesity (Stephen, 1980).

Since the percentage

of fat was already known, correlations were performed between the

Lee index and percent lipid for all the animals.

As seen in Table 4,

a significant overall correlation was not found for either the 35 or

42 day old animals.

However, within the hormone treatment groups,

there was a significant correlation for the 35 day old estrogen-

treated animals (t = 4.35,

P <

.01).

In the 45-day-old EB-plus-

22

Fig. 4.
Carcass weight and composition of 42-day-old OVX rats
treated with sesame oil vehicle, EB (2 yg/day) or EB plus proges< .05
terone (5 mg/day) for 2 weeks before rats were killed, a,
<
EBtreated
group;
Newmanversus
versus oil-treated group; b,
.05
±
SEM).
Keuls post hoc tests (mean
,
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progesterone-treated animals, the correlation
coefficient approached
significance (.05 > P

<

.10).

TABLE

4

CORRELATION COEFFICIENTS BETWEEN LEE INDEX
AND PERCENTAGE OF BODY FAT IN 35 AND 42 DAY
OLD ANIMALS
DAYS OF AGE

GROUPS
OVX: OIL
r =

35

OVX:EB

OVX:EB + PROG

0.22

r = 0.87

r =

0.28

r = 0.32

r = 0.14

r = 0.36

r = 0.72

r = 0.26

(n = 8)

^2

OVERALL

(n = 7)

*

P <

.01

Discussion

In agreement with previous studies, EB treatment decreased body

weights of prepubertal females but had no effect on food intake.

In

adult OVX rats, estradiol reduces body weight by decreasing all carcass components including skeletal growth (Mueller and Hsiao, 1980).

but the greatest effect of estradiol is found in carcass fat content
(Gray and Wade, 1981).

In contrast, whereas EB treatment decreased

somatic growth and naso-anal length in weanling rats, adiposity was
not selectively affected.
The inability of EB treatment to alter food intake in prepubertal

animals may be due to several factors

.

Although neural estrogen
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binding systems appear to be mature by 25
days of age (MacLusky,
Chaptal, Lieberburg and McEwen, 1976; McEwen,
Plapinger, Chaptal»

Gerlach and Wallach, 1975; l^ite. Hall and Lim,
1979), EB treatment
does not decrease food intake or stimulate
voluntary exercise of OVX

weanlings as it does in OVX adult rats (Porterfield
and Stern, 1974;
Wade and Zucker, 1970b; Zucker, 1972).

Both of these behavioral res-

ponses are mediated, at least in part, by direct hormone
actions in
the brain (Colvin and Sawyer, 1969; Nunez, Gray and Wade,
1980; Wade

and Zucker, 1970a).

Some neural action(s) of the estradiol receptor-

binding system, either during or subsequent to cell nuclear binding,
could be attenuated in weanling rats.

evidence that

the;

For example, there is some

uterine shuttle system that binds sex steroids and

conveys then to the nucleus may have different depletion and repletion
rates in immature animals (Ferguson and Katzenellenbogen, 1977)

Another factor contributing to the reduced responsiveness to
estradiol may be the presence of alphaf etoprotein, a plasma estrogen-

binding protein.

This protein which has a high affinity for estradiol

and estrone (Raynaud, 1973) plays an important role in the regulation
of tissue estrogen levels during the period prior to puberty (Germain,

Campbell and Anderson, 1978)

During the first 3-4 weeks of postnatal

.

life, much of the circulating estradiol is bound to alphaf etoprotein,

thereby retarding the interaction of the hormone with its receptors in
target tissues (McEwen, 1978)

.

As alphaf etoprotein concentrations

gradually decline (Raynaud, 1973; Raynaud, Mercier-Bodlard and
Baulieu, 1971)

,

there is a corresponding increase in the ability of
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exogenous estradiol to induce estrogenic
responses (Germain et al.
For example, it has been proposed
1978).
that declining levels of

alphafetoprotein account for the age-related
increases in sensitivity
to negative feedback effects of
estrogen and for increases in the

sensitivity of the reproductive tract to
estrogen (Ojeda, Kalra and
McCann, 1975; Germain et

^.

,

1978).

In the present study, alpha-

fetoprotein also may have contributed to the
reduced estrogen response
prior to the 5th week of life.

By binding exogenous estradiol, less

hormone may have been available for neural and
peripheral receptor
binding systems.
The extreme leanness of immature rats may be an important
factor
in the inability of estradiol to affect feeding behavior.

42-day -old OVX rat carcasses were only 5-8% lipid (Fig.

The 35- and
2 and 3)

com-

pared with 14-16% in adult OVX rats (Gray and Wade, 1981; Leshner and
Collier, 1973).

Zucker (1972) has shown that lighter prepubertal rats

respond later to the anorexic effects of estrogen relative to heavier
animals.

In adult OVX rats, lean animals typically show smaller re-

ductions in food intake and body weight than do heavier animals in res-

ponse to EB treatment (Rednick, Nussbaum, and Mook, 1973).

Even a

reduction of body weight by 48 hours of food deprivation may attenuate
the suppressing effects of estrogen on daily food intake (Sieck, Nance
and Gorski, 1978)
The low percentage of fat in these animals also might explain the

inability of estrogen to affect adiposity.

It may be that a minimum

amount of fat is necessary in order for the tissue to respond

to
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estrogen treatment.

In addition to the present results, it
has

U)een

shown that in 35-day-old females, estrogen treatment
(as compared

with oil) has no effect on adipose tissue cell number or
size
(Simpson, personal communication).

In adults, EB treatment results

in a decrease in fat cell size (Salans, 1971; Steingrimsdottir
£t al

.

,

1980).

Other metabolic demands occurring at this time such as those
induced by GH might account for the decreased responsiveness.

Hypo-

physectomized-OVX weanlings increase both their feeding and locomotor
activity in response to exogenous estradiol (Porterfield and Stem,
1974; Wade and Zucker, 1970b).

Administration of GH restores the

refractoriness in these animals (Wade, 1974).

While there is no

evidence for direct actions of GH on neural steroid target tissues,
the hormone may act on peripheral tissues to produce a variety of

metabolic responses some of which might antagonize effects of estrogen on feeding and adiposity; for example, following administration,
GH promotes the storage of metabolic fuels within the adipocyte
(Goodman, 1981).

During the prepubertal period, animals are physiologically sensitive to dietary factors which can interfere with general physical

growth and development; for example, Heggeness (1965) found that
intermittent food deprivation in weanling rats results in increased

body fat and decreased protein content although weight gain is similar
to control animals.
is observed.

In postpubertal animals, no change in body fat

One factor contributing to these differences between
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pre- and post-pubertal animals may be that prior
to puberty, there
are major changes occurring in body composition.

In male rats,

before 35 days of age, there are dramatic changes in
adipose tissue
growth and metabolism (Hietanan and Greenwood, 1977).

Assuming fe-

males are similar, one might predict given the findings of
Heggenej
iSS
that prior to 35 days of age, adipose tissue may be an
important factor contributing to body weight control relative to other carcass
com-

ponents

.

Since composition profiles were available for 35 (prepubertal) and
42 (postpubertal) day old animals, this hypothesis was examined.

A

correlation was performed between wet carcass weight and percent body
fat in the two age groups (Fig. 5 and 6).
is there a significant correlation

(r =

Only in the younger animals

.56,

K^^^

= 4.52,

<

.002).

Thus, changes in percentage body fat account for a significant pro-

portion of the variance in wet weight for the 35-day-old animals.
To determine to what extent all the carcass components contributed
to the body weight variance, a correlation matrix and a stepwise

multiple linear regression analysis were carried out for the two ages.
The results from the analyses support the hypothesis (Table
In 35 day old animals,

percent lipid content.
plained variance.

6 and

7)

.

32% of the variance could be accounted for by

Protein added less than 1.5% to the

ex-

In contrast, no one particular carcass component

was a better predictor of body weight for the 42-day-old rats.

Thus,

these results demonstrate that at 35 days of age, body fat content
is the best predictor of body weight relative to other carcass
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components
In contrast to EB, responses to progesterone
with regard to
food intake and carcass adiposity were similar to
those observed in
adults.

These findings are somewhat surprising since in adults,

progestins appear to play a secondary role in regulation of
body

weight by reducing or reversing the effects of estradiol (Wade,
1976).
Thus, one would not expect to find effects of progesterone
prior to

estrogen-induced changes.

In prepubertal animals, the situation

appears to be somewhat different.

It is possible that neural

systems governing progesterone-induced behaviors may have a longer

sensitivity threshold to hormone manipulations than systems involved
in estrogen-dependent behaviors.

For certain behaviors, this might

carry an important adaptive value for the animals.

For example, in-

creases in food intake would be less detrimental to a rapidly growing

animal than decreased food consumption.
Changes in food intake may have contributed to the increased

adiposity observed following progesterone treatment.

Intact adult

females, maintained on an ad lib or food restricted diet both gain

weight in response to progesterone treatment, but the latter animals
gain only about one-half as much (Hervey and Hervey, 1968).

This dif-

ference in weight gain probably reflects a difference in fat content

since increases in fat tissue accompany the increases in body weight
(Galletti and Klopper, 1967; Hervey and Hervey, 1967; Krotkiewski
and Bjomtorp, 1976).

While this explanation may be true, the opposite causal
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TABLE

6

PEARSON CORRELATION COEFFICIENTS FOR PERCENT
CARCASS COMPONENTS IN 35 AND 42 DAY OLD RATS
DAYS OF AGE
35

42_

*

WATER VERSUS FAT

-.75

-.8l'

WATER VERSUS PROTEIN

-.29

.08

.26

.29

FAT VERSUS PROTEIN

*P <

.001

TABLE

7

STEPWISE MULTIPLE LINEAR REGRESSION BETWEEN WET WEIGHT
AND FAT, WATER AND PROTEIN COMPONENTS IN 35 AND 42
DAY OLD RAT CARCASSES
35 DAY OLD

(N = 24 )

% VAR^

FAT

%

31.5

.56

1.4

.03

PROTEIN

42 DAY OLD

VAR

r

-.16
< 1.0

-.41*

WATER

(N = 21 )

.06
.20

R

.33

.04

R

.57

.21

^percent of explained variance attributable to each component

^Pearson correlation coefficient for individual variables
k

P < .05
**P < .01
***P < .001
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relationship also may be argued.

In other words, changes in adiposity

may help explain the increased food intake following progesterone

treatment.

These changes in adiposity might be the result of direct

actions of progestins on adipose LPL activity.

CHAPTER III
EFFECTS OF OVARIAN HORMONES ON ADIPOSE TISSUE
LPL ACTIVITY

Wade and Gray (1979) proposed that one way in which
estradiol
and progesterone may affect body weight is by altering
the amount of
fat stored via changes in adipose tissue LPL activity.

These authors

also suggested that ovarian steroids may alter food intake through
changes in this enzyme.

Changes in adipose LPL activity result in

shifts in energy flux and caloric storage which are important factors
in food intake regulation (Friedman and Strieker, 1976)
In the previous study, estrogen-treated animals showed a decrease
in body weight but no change in food intake or adiposity.

The proges-

terone-treated group, on the other hand, was responsive on all these
measures.

If peripheral mechanisms governing body weight and feeding

in the prepubertal female operate in a manner similar to an adult's,

than one would expect adipose LPL activity to be unresponsive to estradiol administration but to increase following progesterone treatment.

The present experiment was designed to investigate this question.

Method

Animals

.

Animals were housed and maintained as described in the first

experiment.

Animals were OVX at 22 days of age and on Day 25 re-

ceived daily injections of either oil (n = 7), EB
plus progesterone (5 mg; n = 9) for one week.

(2 yg;

n = 7) or EB

Twenty-four hours after

the last injection (Day 32), animals were killed by decapitation.
33
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Assay conditions

.

LPL activity was determined according to the

method of Schotz, Garfinkel, Huebotter and Stewart (1970).

Both para-

metria! fat pads were rapidly dissected and homogenized in

homogenization medium containing 0.25 M sucrose and
(pH 7.4).

1

1

ml

mM EDTA

Postmitochondrial supematants were obtained by centri-

fuging the homogenates at 12,000

^

for 15 minutes.

The substrate

emulsion was prepared by combining 1.8 yCi (carboxyl-'''^C) triolein,
1.5 mg lysolecithin, 36 mg radioinert triolein,

3

ml fasted human

serum, 0.45 ml 1% fatty acid poor bovine serum albumin, and 2.55 ml
0.2 M tris-HCl (pH 8.0).

This mixture was somicated on ice at 60W

for 4 minutes at 30 second intervals with a Branson sonifier equipped

with a microtip.
30 minutes.

The substrate emulsion was activated at 37°C for

One hundred microliters of substrate was added to 100

of the postmitochondrial supematants.

cubated for 30 minutes at 37°C.

\il

Duplicate samples were in-

Additional samples were assayed in

the presence of 0.67 NaCl to measure nonspecific LPL activity.

The

reaction was stopped by addition of 3.25 ml of chloroform; methanol:
heptane.

Phase separation was facilitated by adding 1.05 ml carbonate

buffer (pH 10.5).

After centrifuging samples for 20 minutes (550 ^)

at room temperature, one ml of the upper phase containing released

free fatty acids (FFA) was pipetted into a scintillation vial.

After

adding 12 ml toluene-based scintillation fluid, the samples were
counted at an efficiency of approximately 85%.

Ten microliter aliquots of the postmitochondrial supematants
were analyzed for protein by the method of Lowry

^

al.

(1951).

Data
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are presented as ymol FFA released per hour per mg
protein.

Differences between groups were evaluated using Student's
t
test and were considered statistically significant if
P

<

.05.

Results

Neither EB alone nor progesterone had any effect on parametrial
adipose tissue LPL activity in weanling rats (Fig. 7).

In adult OVX

rats, this dose of EB causes a 75-80% decrease in adipose tissue LPL

activity (Gray and Wade, 1980; Gray and Wade, 1981).

Discussion

Unlike adult female rats, treatment with ovarian steroid hormones
had no effect on adipose tissue LPL activity.
at 32 days of age,

In the previous study,

EB- treated animals showed no difference in food

intake or adiposity as compared with oil-treated animals.

Thus, a

failure to observe an estrogen-induced decrease in adipose LPL is not

inconsistent with the hypothesis proposed by Wade and Gray (1979).
On the other hand, OVX weanlings treated with both estrogen and pro-

gesterone showed increases in food intake and carcass lipid content.
The same treatment, however, has no effect on adipose tissue LPL activity.

While this latter finding is somewhat surprising, it
precedented.

is not un-

Observations in adult OVX rats treated with the anti-

estrogen nafoxidine support the present data (Gray and Wade, 1981).
In nafoxidine-treated rats, progesterone increases carcass adiposity

36

Fig. 7.
Parametrial adipose tissue LPL activity
in 32-day-old OVX rats treated with sesame oil vehicle, EB (2 yg/day), or EB plus progesterone (5 mg/
day) for 1 week before rats were killed (mean ± SEM)
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and food intake without affecting adipose tissue
LPL activity.

These

findings indicate that changes in LPL activity
are not necessary for

progesterone-induced obesity.

Metabolic responses to ovarian steroids including
adipose tissue
LPL activity may be related to developmental changes
in adipose
tissue growth and metabolism.

Hietanan and Greenwood (1977) have

studied developmental changes in LPL activity and patterns of
adipose

growth in epididymal fat pads (male gonadal fat pad) of growing male
rats.

They found a rapid increase in LPL activity between Days 17

through 41 and a change in fat depot growth from cell hyperplasia to

hypertrophy from Day 35 onward.

If fat depots in female rats develop

and differentiate in a similar manner, then the time at which increases
in LPL activity become less pronounced

(and more similar to adult

levels of enzyme activity) corresponds approximately to the age at

which female rats become sensitized to the anorexic effects of estrogens.

The change in adipose tissue growth from cell number to cell

size also occurs around the time of puberty.

Thus, the effectiveness

of ovarian steroids in altering LPL activity may be related to these

developmental changes.
In OVX oil-treated animals, adipose tissue LPL activity (Fig. 7)

was 3-4 times lower than in adult OVX females (Gray, 1980; Gray and
Wade, 1980; 1981).

These low LPL levels may be related to the small

size of the fat cells (Gruen, Kava and Greenwood, 1980), since smaller
fat cells have less LPL activity than larger cells (Bjorntorp et al.,

1975).

In order for gonadal hormones to produce an effect, a minimum
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level of enzyme activity may be necessary.

Adipose tissue LPL plays an important role in regulating fat cell
size (Hietanan and Greenwood, 1977).

Changes in enzyme activity and

cell size parallel each other, with changes in LPL preceding the
changes in size.

For example, estrogen decreases both adipose LPL

and fat cell size, and progesterone treatment reverses both of these

effects (Salans, 1971; Steingrimsdottir

et^

al., 1980).

Based on

these data, one would predict LPL to be unresponsive to a hormone

treatment which has no effect on cell size.

Thirty-five day old OVX

rats show no decrease in fat cell size following estradiol treatment

(Simpson, personal communication).

Furthermore, estrogen treatment

seems to have no effect on cell number at this age (Simpson, personal

communication).

Although the relationship between adipose tissue LPL

and cell number is unclear, this latter finding is important since
changes in cell number, rather than size, are important for adipose

tissue growth at this time.

A causal link between ovarian steroid receptor sites and adipose
LPL activity has not yet been demonstrated. Nonetheless, several highly significant correlations suggest that the presence of steroid

receptor binding proteins in adipose tissue are necessary in order for

ovarian hormones to exert their effects on adipose LPL activity (Wade
and Gray, 1979; Gray and Wade, 1980).

It may be that prepubertal fe-

male rats have fewer receptor binding sites which would account for
LPL
the ineffectiveness of ovarian hormones to alter adipose tissue
activity.

CHAPTER

IV

CYTOPLASMIC ESTROGEN RECEPTORS IN ADIPOSE TISSUE

Although neural estrogen binding systems appear to be mature by
25 days of age (MacLusky et_
al..

,

al_.

,

1976; McEwen et_

a]^.

,

1975; White et

1979), no one has deteirmined whether there are specific estrogen

binding sites in adipose tissues at this time.

Estradiol's inability

to alter adipose tissue LPL activity in prepubertal females may re-

flect a lack, or low concentration, of adipose estrogen receptors.
the concentrations of estrogen and progestin receptors

In adult rats,

are correlated with their effectiveness in altering body weight and

adipose tissue LPL activity (Wade and Gray, 1978; Gray and Wade, 1979).

Method

Animals

.

iments.

Animals were housed and maintained as in the previous exper-

OVX was performed either at 22 or 50 days of age.

Five days

following surgery animals were killed.

Tissue preparation

.

Animals were given an overdose of Nembutal.

Para-

metrial adipose tissue was rapidly dissected, weighed to the nearest
0.1 mg, and minced with scissors.

Tissues were homogenized in Teflon-

pestle glass homogenizers in a buffer containing 10 mM Tris-HCl,
1.5 mM EDTA, 12 mM momothioglycerol

(TEMG buffer)

.

,

and 10% (vol/vol) glycerol, pH

Adipose tissue was homogenized at a concentration of

day old
100 mg/ml buffer (55 day old animals) or in 1 ml buffer (27

animals).

This and all subsequent steps were carried out at 0-4°C.
39

7.

40

Homogenates were centrifuged at 48,000

Estrogen receptor assay.

^

for 30 minutes.

Adipose tissue cytoplasmic estrogen binding

was determined in 27- and 55-day-old OVX rats according to previously
published methods (Wade and Gray, 1978).

Nonspecific binding was

determined by incubating high-speed supernatant with either radioinert

estradiol or 113-methoxy-17-ethynyl-l,3,5(10)-triene-3,173-diol
(R2858)

.

R2858 was used as a competitor because unlike estradiol, it

is not bound by alphaf etoprotein (McEwen et^ al.

,

1975)

Bound and

.

free 173-C H]estradiol were separated by gel filtration on

5

X 60 mm

Sephadex LH-20 columns, equilibrated with TEMG, as described by

Ginsburg et al.,

(1974), using the buffer as the eluent.

Two hundred

microliters of the incubate were pipetted into the column and washed
in with 200

TEMG.

]il

After 30 minutes, the protein peak was eluted

into a scintillation vial with 700 yl TEMG, and 12 ml toluene-based

scintillation fluid was added.

After vigorous shaking, radioactivity

was counted to a standard deviation of less than 1% in a Packard

model 2425 scintillation counter at an efficiency of 55

± 1%.

Specific binding, i.e., total binding (without radioinert R2858)
minus nonspecific binding (with radioinert R2858) was computed as
femtoraoles of

[

H]estradiol bound per mg protein.

To determine the

concentration of protein in the cytoplasmic fraction, 100 yl aliquots
of the high-speed supematants were precipitated with

5

ml ethanol.

The precipitate was dissolved in 0.3 N KOH, and the protein concen-

tration was determined according to the method of Lowry

et_ al.

(1951)
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Differences between groups were evaluated using Student's
tests and were considered statistically significant if P

<

t

.05.

Results

Specific

3
[

H]estradiol binding was found in parametrial adipose

tissue of both 27- and 55-day-old animals, but significantly less

specific binding was observed in the younger animals (Fig.
2.82, P <

(;t^^ =

8)

It also should be noted that in 27-day-old animals,

.05).

nonspecific binding with estradiol was significantly lower compared

with R2858

(t^^^

= 2.21, P <

.05).

Discussion

The lower concentration of adipose estrogen receptors in 27-dayold OVX rats may partially account for the inability of estradiol to

alter adipose LPL activity, and, hence, to decrease adiposity.

Since

the difference in nonspecific binding with estradiol as compared with

R2858 probably represents alphafetoprotein, this plasma protein also
may contribute to the attenuated adipose tissue responses.

By binding

exogenous estradiol, less circulating estrogen may have been available
for its specific binding sites in adipose tissue.

Hepatic receptor levels may be a factor in the decreased responsiveness to EB.

The concentration of estrogen binding sites is several

fold higher in the liver cytosol from adult females than from prepubertal female

rats

Krakoff, 1976).

(Eisenfeld, Aten, Weinberger, Hasalbacker and
In these animals, hepatic responses to estrogens, in-

ADIPOSE TISSUE ESTROGEN RECEPTOR
Total

27 DAYS

55 DAYS

Cytoplasmic estrogen binding sites
Fig. 8.
parametria! adipose tissue of 27- or 55-day-old
rats

(mean ± SEM)
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eluding renin substrate production, are attenuated;
in adults this

plasma protein is greatly increased following estrogen
treatment
(Eisenfeld and Aten, 1979).

Thus, estrogenic actions on hepatic

lipid and lipoprotein production, some of which may be important
for

adipose tissue regulation, may be reduced in weanling rats.

For ex-

ample, certain apoproteins which serve as cof actors for adipose

tissue LPL are lower in prepubertal animals than in adults (Farsch,
Kim,

Wiest and Schonfeld, 1980).
Although the values obtained in the prepubertal females most

likely indicate a reduced estrogen receptor concentration, it is

possible that the lower level also was obtained because a number of

cytoplasmic estrogen receptors already were bound to endogenous

estrogen and/or translocated within the nucleus.

The metabolic

clearance rate of estradiol is lower in 28-day-old rats as compared

with adult rats (De Hertogh, Ekka, Vanderheyden and Hoct, 1970),
that even

5

so

days after OVX, significant circulating levels of estrogen

may still be present.

Furthermore, the adrenal also may produce sig-

nificant amounts of estiogen in the young animal (Ojeda, Kalra and
McCann, 1975; Weisz and Gunsalus, 1973).

Thus, these endogenous

sources of estrogen may have already occupied a number of binding
sites, resulting in lower

[

H]estradiol concentrations in adipose

tissue.

There are several lines of evidence which rule out this possibility.

First, there is no evidence that adrenal estrogens are biologic-

ally active (Ramaley, 1979).

Moreover, there is disagreement as to
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whether the adrenal even produces significant amounts of estrogens
(Knonibus and Wuttke, 1977; Meijs-Roelof s

Welshen, 1973).

,

Vilenbroek, De Jong and

Second, if endogenous circulating estrogen were com-

peting for binding sites, then one would not expect target tissues

be responsive to exogenous hormone treatment in intact animals.

to

How-

ever, estradiol treatment results in rapid uterine growth in intact

immature females (Anderson, Peck and Clark, 1975; Clark, Anderson
and Peck, 1973).

Third, unlike adipose tissue or liver, other steroid

target tissues such as hypothalamus (MacLusky
1976) and uterus (Clark

et_ a]^.

,

,

Chaptal and McEwen,

1973) show adult levels of cytosol

estrogen binding sites prior to puberty.

These cytoplasmic receptor

concentrations are obtained using either intact (Katzenellenbogen,
1979 for review) or 1-day-OVX animals (MacLusky et_

al^.

,

1979).

Finally, cell nuclear estrogen receptor complexes are very low or not

detectable in cortical tissue samples from 25-26-day-old female rats
ovariectomized for 24 hours prior to sacrifice.

This indicates that

extensive occupation of cortical receptors by endogenous estrogen
is not a feature in the immature female rat

(MacLusky

et^

al •

»

1979).

One may assume that this is a common feature of all steroid target

tissues

CHAPTER

V

CYTOPLASMIC PROGESTIN RECEPTORS IN ADIPOSE TISSUE

In adult OVX rats, cytoplasmic progestin receptor
concentrations
in adipose tissue are very low (Gray and Wade,. 1979).

Treatment with

estradiol, however, induces a rapid increase in the number of progestin binding sites

(Gray, 1980).

Since several estrogenic responses

are attenuated in prepubertal rats, induction of progestin receptors

also may be reduced.

A low concentration of progestin receptors would

help account for the lack of a progestin effect on adipose LPL activity (e.g.. Gray and Wade, 1980).

On the other hand, progesterone

treatment is able to alter body lipid content and food intake in

weanling animals.

Hence, the number of progestin binding sites might

be comparable to adult levels.

Method
Animals
iments.

.

Animals were

housed and maintained as in the previous exper-

Animals were OVX and adrenalectomized (ADX) via bilateral, dor-

solateral incisions under Metofane at 22 or 50 days of age.
rats were given ad libitum access to 0.15 M saline.

surgery, animals were treated with either EB

for

3

(2

OVX-ADX

Two days following

yg/day) or sesame oil

days at which time they were sacrificed.

Tissue preparation

.

Animals were given an overdose of Nembutal.

Adi-

pose tissue was prepared as described in the previous study.

Progestin receptor assay

.

Adipose tissue cytoplasmic progestin binding
45
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was assayed in 27- or 55-day-old rats by previously published
methods
(Gray and Wade, 1979) using the synthetic progestin
[^H]17a,21-dimethyl-

19-norpregna-4,9-diene-3,20-dione

([

^H]R5020)

.

R50 20 binds to

progestin receptors with a much higher affinity than does progesterone
(Blaustein and Wade, 1978; MacLusky and McEwen, 1978; Raynaud, 1977).
Thus, radioactively labelled R5020 is often used to characterize pro-

gestin binding in target tissues.
Aliquots of the high-speed supernatant were incubated with
3
r

H]R5020 alone or with a 10-, 100-

inert R5020 for 4 hours at 0°C.

2

nM

or 1,000-fold excess of radio-

,

Bound and free [^H]R5020 were sep-

arated as in the previous experiment, except that the protein peak was
eluted with 800 yl TEMG.

Because significant amounts of the R5020

seem to be absorbed to either plastic or glass incubation tubes, the
total (bound plus free)

3
[

H]R5020 concentration of the incubates was

determined by covmting 20 yl aliquots at the end of the incubation.
Results are expressed as femtomoles

mg protein.

3
[

H]R5020 specifically bound per

Protein concentrations of the cytoplasmic fractions were

determined as in the previous experiment.
Differences between groups were evaluated using Student's
and were considered statistically significant if

<

t_

test

.05.

Results

Unpriraed 27-day-old OVX-ADX rats had a higher concentration of

progestin binding sites than 55-day-old animals (t^ = 2.71,

P.

Following EB treatment, younger animals had slightly, but not

<

.05).
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significantly, more receptor sites than the older females (Fig. 9).

Induction of progestin receptors, measured as an EB-primed/unprimed
ratio was greater in adults (13.6-fold) than in younger animals (4.2fold) (Fig. 9).

It has been shown previously

(Gray and Wade, 1979)

that in adult OVX rats there is a highly significant correlation be-

tween this ratio (EB-primed/unprimed) and the cytoplasmic estrogen

receptor concentration in various fat pads.

Unlike the uterus

(Leavitt, Chan and Allen, 1977), there is no significant correlation

between estrogen receptor concentration and the absolute magnitude of
progestin receptor induction (EB-primed minus unprimed)

Pis cuss ion

One of the factors contributing to the adult-like effects of

progesterone on adiposity may be that adipose tissue progestin receptor levels, unlike estrogen receptors, are similar to (or greater than)

adult levels.

Adult concentrations of adipose progestin receptors are present
alter
in prepubertal females, yet progesterone treatment is unable to

adipose LPL activity.

One reason for this finding may be that although

receptors by
27-day-old rats show adult levels, induction of progestin
females.
EB treatment is reduced when compared with adult

In adults,

is dependent on
progesterone' s effect on adipose tissue LPL activity

Hamosh and Hamosh,
the presence of estradiol (Gray and Wade, 1980;
1975).

progesterone treatment could
The adipose tissue LPL response to

binding sites, but also
depend not only on the presence of progestin
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Specific cytoplasmic progestin binding
Fig. 9.
sites in parametria! adipose tissue of 27- or 55-day
old OVX rats. Animals were treated with sesame oil
vehicle or EB (2 yg/day) for 3 days before they were
killed (mean ± SEM)
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on other actions of estradiol.

For example, estrogen effects on cer-

tain aspects of hepatic lipid metabolism which are important in adipose

tissue LPL activity may be reduced in immature rats (see Discussion,

Chapter IV)
In male rats, EB treatment is unable to induce adipose progestin

receptors, and progesterone treatment has no effect on adipose LPL

activity (Gray and Wade, 1980; Siegel, 1981).

These data suggest

that cytoplasmic progestin receptors are necessary in order for pro-

gesterone treatment to have an effect on LPL activity.

The present

data indicate that while progestin receptors may be necessary, they
are not sufficient for progesterone-induced changes in adipose tissue

LPL activity.

CHAPTER

VI

GENERAL DISCUSSION

The present thesis was undertaken with two goals in mind.

The

first was to confirm and extent findings on effects of ovarian steroids

on food intake, body weight and adiposity in prepubertal female rats.
The second goal was to determine whether mechanisms which govern hor-

mone-induced changes in adults could also account for the effects observed in young female rats.

Rather than focusing on neural regula-

tion, peripheral metabolic control mechanisms were investigated.

The results demonstrate that prior to puberty, estradiol decreases

body weight, but it has no selective effect on adiposity or feeding

behavior as it does in adults.

One factor contributing to the atten-

uated responsiveness of EB may be that prepubertal rats have a lower

concentration of adipose tissue cytoplasmic estrogen receptors as
compared with adult animals.

In contrast, the progestin receptor con-

centration in adipose tissue is comparable to adult levels.

This

latter finding helps explain progesterone' s ability to affect body
weight, adiposity and food intake in weanling females.

These proges-

terone-induced changes, however, are not mediated by adipose tissue
LPL activity, since neither estradiol nor progesterone treatment has
any effect on the activity of this enzyme in immature rats.

Although most of the specific findings already have been discussed,
there are two general aspects which warrent further attention.
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The Effect of Estradiol on Body Weight in Weanling Rats

Much emphasis has been placed on the fact that estrogen treatment had no effect on food intake or adiposity in prepubertal females.
Nonetheless, it did significantly alter body weight gain.

It would

appear that this weight change represents a decrease in overall
growth

—

by 42 days of age, estrogen-treated animals were smaller

in both somatic and skeletal development.

One factor which may be involved in this estrogen-induced stunting
is pituitary GH whose growth-promoting actions are most obvious between

birth and puberty (Martin, 1976).

Previously, it was suggested that

the reduced estrogen effect on food intake and adiposity observed in

prepubertal females might involve antagonism by GH (Discussion, Chapter II).

The EB-induced stunting, on the other hand, may involve

antagonism by estrogen.

In other words, estrogens, by antagonizing

GH, may decrease the rate of growth,

resulting in a smaller (tissue

mass) and shorter (skeletal mass) animal.
At 22 days of age, plasma GH levels begin increasing and peak
around puberty (Eden, 1978).

Administration of estrogen during this

somatic growth
time might interfere with peripheral actions of GH on
Schwartz, Weidmann,
(Herbal, 1971; Josimevich, Mintz and Finster, 1967;

pituitary GH conSimon and Schiffer, 1969) and/or directly decrease

Haug and Gautvik,
centration (Dickerman, Dickerman and Meites, 1972;
1965).
1978; Jones, Fischer, Lewis and Vanderlaan,
the inhibitory
Interference with GH action also might account for

especially in young animals
effects of estrogen on skeletal growth,
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Effects of GH on bone and cartilage

(Gardner and Pfeiffer, 1943).

are mediated primarily through the action of somatomedins, growth-

promoting peptides (Daughaday, 1979; Martin, 1976).

Thus, estrogens

might alter skeletal growth by inhibiting somatomedin synthesis.

It

is of interest here to note that hypersecretion of estrogen in chil-

dren also leads to a shortening of stature (Martin, 1976).

The Paradox of Progesterone Treatment in Weanling Rats

The other issue that

I

wish to address involves the ability of

progesterone to alter adiposity and food intake in prepubertal animals.
In adult females, a primary function of progesterone is to antagonize
or attenuate the actions of estradiol on eating and body weight gain
(Wade,

1976).

Yet, in prepubertal females, these estrogen- induced

changes are absent.

Since the effectiveness of a hormone is strongly

correlated with the concentration of target tissue receptors for that

hormone (Leavitt et al

. ,

1977; Wade and Gray, 1978; Gray, 1980), I

suggested that one factor contributing to the paradoxical findings

might be that while adipose progestin receptors show adult-like levels,
estrogen binding sites are significantly lower than adults.

During the prepubertal period, estradiol-induced effects on food
Porterfield and
intake, adiposity, locomotor activity (Kennedy, 1964;

Stem, 1974) and pituitary gonadotropin output
either absent or attenuated.

(Dudley, 1980) are

Immature receptor binding systems, alpha-

among the factors
fetoprotein and/or antagonism by growth hormone are

refractoriness.
that have been postulated to account for the

Nonethe-
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less, not all of estrogen's effects are absent at this time.

Of

concern here is estrogen's ability to stimulate the synthesis of
adipose tissue progestin receptors (Chapter V).

These results

suggest that the presence of adult-like levels of progestin receptors
is

sufficient to induce certain progesterone actions such as changes

in adiposity and food intake.

On the other hand, progesterone'

effect on adipose tissue LPL activity seems to require additional

estrogenic actions.

Thus, the progesterone-induced changes observed

prepubertally must occur via mechanisms other than changes in IPL
activity
One way in which progesterone might exert its effects is through

direct action on central regulation of feeding (e.g., Jankowiak and

Stem, 1974).

Progestins also might affect other peripheral metabolic

processes involved in feeding and adiposity other than adipose tissue

LPL activity.

Progesterone directly influences several aspects of

carbohydrate metabolism (Wade and Gray, 1979 for review), including
and
increased insulin production in pancreatic islets (Howell, Tyhurst

Green, 1977).

While in adult animals it is unlikely that ovarian hor-

in carbohydrate
mones mediate adiposity and food intake via changes

metabolism (Wade and Gray, 1979), it is important

to keep in mind that

function of age
peripheral metabolism and tissue growth change as a
(Eden, 1978; Gray, 1980; Hartman

and Christ, 1978; Hietanan and

and Smith, 1975).
Greenwood, 1977; Holm, Jacobsson, Bjomtorp

This

in adults may be both
implies that regulatory mechanisms operating

from those acting in young
quantitatively and qualitatively different
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animals.

In adipose tissue, age has been shown to influence basal

lipolytic activity (Gruen et al., 1980), lipogenesis (Tsujikawa and
Kimura, 1980)

the activity of individual enzymes involved in lipolysis

,

(Cooper and Gregerman, 1976) as well as lipolytic responses to hor-

mones (Hartman and Christ, 1978; Holm et al., 1975).

Thus, progestin

effects may be governed by changes in adipose tissue metabolism but
not necessarily through adult mechansism; for example, ovarian

steroids appear to have no effect on lipolysis in adult animals

(Steingrimsdottir

al^.

,

1980; Valette,

Vemel and Varski,

1978).

However, in prepubertal animals, progesterone- induced changes on body

weight regulation and food intake might be mediated through changes
in lipolytic activity (e.g., Sutter-Dub, Hamdan and Vergnaud, 1981)

rather than fat deposition (i.e., LPL activity).

Until the effects

of ovarian hormones on lipolysis are thoroughly investigated in

immature animals, this possibility cannot be ruled out.
It would be simplistic

to assume that ovarian steroids regulate

body weight and food intake by only one mechanism.

Mechanisms

governing steroid-induced changes may vary depending on the nutritional status of the animal (Mueller and Hsiao, 1980;

Rednick

et.

al

.

,

Nance, 1980;

1973) or the environment under which the animal is

maintained such as the particular lighting condition (Schwa trz, unpublished results).

The findings presented in this dissertation illus-

ovarian steroids
trate age also influences the mechanism by which
affect body weight regulation and feeding.
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